populations. Alternatively, they can be used to produce many intra-and interspecific F1 hybrid varieties (Boopathi et al., 2011) . Since 2000, and mainly in India, approximately 20% of the total global acreage has been grown with cotton hybrids (Dong et al., 2006; Nacoulima et al., 2016) . Another way to improve genetic variability of tetraploid cotton is the use of Gossypium diploid species (2n = 2x= 26) (Mergeai, 2006) or exotic tetraploid germplasms (McCarty and Percy, 2001) . Notably, wild species related to most diploid genomes are currently used as important reservoirs for alleles of interest and can be used to enhance fiber fineness (e.g., Nacoulima et al., 2016) .
The use of DNA-based molecular markers represents a powerful tool for any breeding objective, including characterization of germplasm collections, estimation of genetic diversity, acceleration of the selection process, varietal identification, seed certification, and plant breeder rights implementation (Yu et al., 2012a) . Microsatellite markers (SSRs) are considered the marker system of choice for the majority of applications in the plant breeding field because of their high polymorphism level, PCR-based performance, multiallelic nature, high reproducibility, codominant inheritance, relative abundance, and uniform dispersion in the plant genome (Kantartzi et al., 2013) . Public marker databases are available with 18,796 SSRs; their corresponding primer sequences are developed from genomic, EST, or BAC libraries (www.cottongen.org). In the past few years, SSR and ISSR markers have been widely used to characterize many cotton collections (Sapkal et al., 2011; Ullah et al., 2012; Abdellatif and Soliman, 2013; Tyagi et al., 2014; Zhao et al., 2015; Moiana et al., 2015; Poortavakoli et al., 2017) . However, there is only one published study using SSRs for breeding in Europe that is based on the identification of quantitative trait loci for fiber quality in a Bulgarian cotton breeding collection (Ivanova and Bojinov, 2009) .
Genetic variability remains unknown in European commercial cotton varieties for breeding purposes, as there are no diversity or phylogeny studies. Such information would hold immense value for countries like Spain where the need for adapted and improved cotton varieties is increasing. In the 2016/2017 season, the entirety of the Spanish cotton cultivation area (60,781 ha) was located in the valley of the Guadalquivir River (Andalusia, southern Spain). Over the last 100 years, cotton has brought great wealth to this region due to the generation of many daily jobs and the high prices of raw cotton. Even today, it remains one of the few crops that can support rural populations and preserve small farming economies (those who own less than 10 ha), which represents 82% of the total number of Spanish holdings (COAG, 2012) . In addition to its rural society assets, cotton is fairly unique in its ability to tolerate the extreme summer temperatures (more than 40 °C) and moderate salt content soil found in the Andalusia region. Nevertheless, since changes to the European Common Agricultural Policy came into effect in 2006 (Council Regulation (EC) No. 1782 /2003 of 29 September 2003 , the cotton sector has been losing its profitability with these new environmental regulations and higher requirements of fiber quality. Hence, there is an increasing demand for suitable cotton varieties with shorter cycles, high fiber quality, high yields, improved agronomic adaptation, and resistance to Verticillium, which is the main cotton fungal disease found in European growing regions like Spain, and especially among early maturing cotton (Erdogan et al., 2013) .
The purpose of this study was to evaluate genetic diversity and phylogenetic relationships of a potential cotton collection for European breeding efforts (mainly G. hirsutum and G. barbadense varieties). All generated information will contribute to facilitating the initiation of future breeding programs inside European cotton regions or in areas of similar climatic conditions.
Materials and methods

Plant materials and DNA extraction
A total of 48 cotton cultivars (inbred lines) were selected by Algodonera del Sur S.A. and the Andalusian Institute of Agricultural Research and Training (Spanish acronym: IFAPA) (Table 1) . Thirty-nine commercial and experimental plant materials were selected for their potential adaptation to the Andalusian field and climate conditions or for being donors of desired phenotypic traits for breeding. The remaining 9 cultivars were obtained from the US National Plant Germplasm System (USDA-ARS) as well-known genetic variability sources, 6 of which have previously been used as genetic standards for the Cotton Marker Database (CMD) and other cotton genomic studies (Yu, 2004; Blenda et al., 2006; Lacape et al., 2007; Yu et al., 2012a) .
For DNA extraction, 100 mg of fresh young leaves was taken from a pool of 5 plants per cultivar to minimize the genomic influence of possible off-types in commercial cultivar samples with less control of progeny. The total genomic DNA was extracted using a modified cetyltrimethylammonium bromide (CTAB) method following Paterson et al. (1993) . Modification to the traditional protocol involved adding 1 µL of RNAse once DNA was extracted, diluting in TE buffer, and incubating for less than 30 min at 37 °C to avoid DNA degradation caused by the high content of polyphenolic compounds in cotton tissues. DNA quality was then checked by electrophoresis on 0.8% (w/v) agarose gel and DNA quantity was checked using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) at 260/280 nm. Subsequently, DNA samples were diluted to 25 ng/mL and stored at 20 °C until used. 
Genotyping by SSR markers
A total of 67 pairs of primers were selected to represent 6 diverse SSR sources (BNL, CIR, JESPR, MGHES, NAU, and TMB) developed by different research groups of the cotton community (Blenda et al., 2006) (Table S1 ). Markers were chosen to be well distributed among the 26 chromosomes of allotetraploidic cotton based on previous genetic linkage mapping studies (chiefly from Guo et al., 2008; Yu et al., 2012b) (Table S1 ). Each chromosome was represented by at least 1 or 2 SSR loci in different chromosomal arms, and those with the longest chromosomes were represented by 4 or 5 SSR loci (Yu et al., 2012b) . Other criteria to equilibrate the marker distribution included single-copy versus multiple-copy markers and markers that amplified in both A-and D-subgenomes. In addition, most of the selected markers were reported as polymorphic in previous diversity studies (Bertini et al., 2006; Abdurakmonov et al., 2007; Lacape et al., 2007; Shen et al., 2011; Yu et al., 2012a; Mishra and Fougat, 2013; Cai et al., 2014; Elçi et al., 2014) . The sequence of individual primer pairs can be found in the CMD (www.cottongen.org). They were custom synthesized by Integrated DNA Technologies Inc. in Coralville, IA, USA. Polymerase chain reactions (PCRs) were carried out in a volume of 10 µL containing 25 ng of DNA, 2 µL of 5X GoTaq reaction buffer, 2.5 mM MgCl 2 , 0.3 mM dNTP, 0.3 mM each forward and reverse SSR primer, and 0.25 U of GoTaq G2 (Promega, Madison, WI, USA). The PCR conditions were as follows: 3 min at 94 °C, followed by 40 cycles of 30 s at 94 °C, 30 s at 55 °C, and 30 s at 72 °C and then 10 min at 72 °C for final extension. MgCl 2 concentration and annealing temperature were adjusted in some SSR reactions (Table S1) . Forward primers were then labeled at the 5' end with 6-FAM, HEX, or NED fluorescent dyes, multiplexing the reactions by 21 triplex PCR bin sets. Amplified DNA products were separated using capillary electrophoresis on an automated ABI Prism 3130XL genetic analyzer (Applied Biosystems/Life Technology, Foster City, CA, USA) using GeneScan-400 Rox as an internal DNA standard size. 2.3. Genetic diversity, phylogeny, and ploidy analysis These SSR amplification products were analyzed by Peak Studio v.2.2 software (Bioinformatics Solutions Inc., Waterloo, ON, Canada). Using a GeneCall threshold of 0.45, present peaks or supposed alleles were scored as 1 (present) or 0 (absent) in each cultivar to generate a binary matrix. Based on Jaccard algorithms, a genetic distance matrix was computed by running the NTSYSpc 2.1 software using the unweighted pair group method with arithmetic means (UPGMA) to construct the genetic dendrogram. The PIC values of each SSR marker were used as indicators of existing diversity and were calculated as PIC = 1 -∑p j 2 , where p j is the frequency of the jth alleles in the examined cultivars (Anderson et al., 1993) .
We also implemented flow cytometer analysis for an unknown accession that had an unknown ploidy level and botanical origin. Following Moreno et al. (2006) , samples of tetraploid asparagus landrace Morado de Huetor were employed as the internal standard and then compared with cultivar (cv.) Amazona (G. hirsutum, tetraploid) and our unknown accession. A Partec PA flow cytometer was employed (Sysmex Partec GmbH, Münster, Germany) with its corresponding nuclei extraction and staining buffers (CyStain UV Precise P, Partec). 
Results
Polymorphism information content (PIC) values
Among the 67 SSRs chosen, 62 primer pairs (92.54%) were amplified successfully and showed polymorphisms between all 48 cultivars, confirming the ability of most of our markers to reveal genetic diversity within this plant collection (Table 2 ). Based on the results, 464 allele loci were detected with an average of 2.38 markers per chromosome and 7.48 alleles per SSR loci (ranging from 2 to 17). These 62 SSRs were represented in all 26 chromosomes, between 1 SSR (c.12 and c.22) and 6 SSRs (c.19 and c.24) ( Table S1 ).
The total average PIC value of markers for all 48 accessions including both G. hirsutum and G. barbadense was 0.70, ranging from 0.3 (NAU2649) to 0.89 (JESPR0152) ( Table 2 ). Thirty-six out of the 62 SSR marker sets were potentially informative (0.7 < PIC < 0.9), 19 SSRs were highly informative (0.5 < PIC < 0.7), and 7 SSR markers were moderately informative (0.25 < PIC < 0.50). Within G. hirsutum, the mean PIC value was 0.57 and ranged from 0 (NAU2649 and BNL3308) to 0.88 (BNL3255). In the G. barbadense group, the average PIC value was 0.54, ranging from 0 (BNL3563, BNL3580, BNL2544, BNL2495, NAU1322, and BNL3590) to 0.83 (BNL3255). Most markers were more informative among G. hirsutum varieties, with the exception of 7 markers (NAU2649, NAU3770, JESPR0127, BNL3594, CIR0203, MGHES0031, TMB0366) that were more informative in G. barbadense varieties (PIC < 0.5 in G. hirsutum). In general, more than half of the employed SSR markers showed high PIC values in both species. For example, markers BNL3255 on c.08, BNL3545 on c.02/c.14, and BNL1521 on c.24 had very high PIC values not only among G. hirsutum (0.88, 0.85, and 0.83, respectively) but also within the G. barbadense varieties (0.83, 0.75, and 0.72, respectively). These highly informative SSR markers amplified between 11 and 15 alleles in our plant collection.
Phylogenetic relationships clusters
The UPGMA analysis based on the genetic distance matrix (Table S2 ) clustered the 48 genotypes (36 G. hirsutum, 10 G. barbadense, 1 G. arboreum, and 1 unknown) into three main groups (A, B, and H) that mainly comprise our 3 different species analyzed ( Figure) : Group A represented the diploid G. arboreum species (A2-0008). It was distinctly separated from the remaining varieties, where the highest genetic distances were found with G. barbadense cv. Cima (0.92) and G. hirsutum cv. Massala (0.9). Group B consisted of all 10 G. barbadense varieties and the unknown accession from Angola, which is separated from the 10 G. barbadense with a mean genetic distance of 0.56. In parallel to cluster analysis, flow cytometry analysis of this unknown genotype showed around 30% less fluorescence intensity for the G0/G1 peak than for the allotetraploid Amazona (G. hirsutum), which indicated different and lower DNA content. The varieties of G. barbadense were divided into two subgroups: B-I, which corresponded to Caucasian-origin breeding varieties, and B-II, which was mainly composed of breeding varieties with USA origin. In the B-I group, it is interesting to note the lowest genetic distance of 0.12 between cv. Armada and cv. Lanovia. Cv. Armada and cv. Lanovia have very similar bush structure and leaf color and shape, although cv. Lanovia shows higher precocity and lower height. Only 5 SSRs showed polymorphism between them (BNL0569, BNL1672, BNL2570, JESPR0152, TMB0471).
Finally, group H was composed of 36 G. hirsutum varieties and cv. 180-F, which clustered alone in the lower part of the group, completely separated from the rest of the G. hirsutum varieties. The remaining G. hirsutum accessions could not clearly be separated in other subgroups, although it has been possible to differentiate all of them with at least 5 polymorphic markers from the initial 62 SSR markers. Some G. hirsutum accessions from the same breeding origin clustered together, like Australian varieties (cv. Celia to cv. Julia) and Bulgarian varieties (cv. Avangard 264 to cv. TEX-1425). Our average genetic distance for the G. hirsutum group was 0.43, ranging from a highest value of 0.59 between cv. Fantom and cv. AI-270 or cv. TM-1 to the lowest value of 0.22 between cv. DP Acala 90 and cv. AI-292.
Discussion
The molecular methods used in this genetic analysis provided us with a better understanding of the genetic diversity of this cotton collection, chosen for its diverse origins and phenotypic potential for future European breeding purposes.
A high level of amplification success (92.54%) was obtained with our initial selection of 67 markers, probably due to the selection of previous polymorphic markers. Comparing our PIC value results with previous studies, Yu et al. (2012a) obtained an average PIC value of 0.713 for 25 SSRs in 12 genotypes belonging to six Gossypium species (known collectively as the CMD panel). In this study, a similar PIC value (0.69) was obtained for these same SSRs in our 48 accessions (4 Gossypium species). Similar results were obtained when compared with another 25 SSRs used previously by Lacape et al. (2007) in 4 tetraploid species. They reported an average PIC value of 0.712, and in our study it had a value of 0.70. Therefore, in terms of different species diversity, our results were similar to previous studies.
However, our G. hirsutum mean PIC value (0.57) was very high compared with other diversity studies with more varieties and markers used, or with lower PIC values. For example, Abdurakhmonov et al. (2008) obtained an average PIC value of 0.122 (287 accessions and 95 SSRs), Cai et al. (2014) , who employed similar electrophoresis resolution systems. They analyzed 99 G. hirsutum and 2 G. barbadense genotypes and they obtained an average PIC value of 0.48 for these same 20 SSRs, while in our study a higher average PIC value of 0.63 was obtained. It is known that most G. hirsutum current cultivars share common parental inbred ancestors in their pedigrees (Meredith, 1998; Boopathi et al., 2011) and this usually causes low variability between most commercial materials worldwide. Nevertheless, our higher mean PIC value must be related to our different genotypes coming from different species, origins, and breeding companies, suggesting that our 36 G. hirsutum varieties represent a collection with high variability. Unexpectedly, a similar PIC value was found between 36 G. hirsutum and 10 G. barbadense accessions (0.57 and 0.54, respectively). These results suggest that we could find higher diversity with fewer G. barbadense accessions, probably because G. barbadense's genetic background has suffered less breeding pressure from the cotton seed community. The high variability obtained in our set of G. hirsutum varieties did not show a clear distribution according to their breeding origins. This could be due to the fact that most breeding programs have used similar germplasm, like the Spanish experimental variety SS-UPL-01 that comes from crosses involving cv. Lider, which has a Greek origin (Semillas Sostenibles Iberica S.L.U., personal communication). Another example is the case of Acala parentals, which are cultigens derived from early maturing Latifolium or Mexican Highlands and has been highly used in many intervarietal hybridizations by most a Markers also used in the study of Cai et al. (2014) . b Markers also used in the study of Yu et al. (2012a) . c Markers also used in the study of Lacape et al. (2007) . breeding programs worldwide (Iqbal et al., 2001 ). In our phylogenetic study it was observed that Acala germplasms (Acala Maxxa, Acala 3080, DP Acala 90, AI-270, and AI-292) did not cluster together, as probably they have more in common with other varietal lineages that could have been developed from them than with different Acala germplasms.
On the other hand, introgressions from other species materials have been extensively employed to increase G. hirsutum variability, as was shown in our phylogenetic results. First, we found cv. 108-F at the bottom of the H block, separated from the rest (Figure) . This variety was developed by Rumshevich in 1940 and was widely cultivated during the 1960s in Uzbekistan (74% of the cotton growing area), Tajikistan, and Turkmenistan. Cv. 108-F was bred from G. hirsutum spp. mexicanum var. nervosum (Galicinsky et al., 1962) and this may be the reason for its genetic distance from the other G. hirsutum. Second, we also observed some cases of G. barbadense genes in our G. hirsutum collection. An example is the breeding material WC-19NSSL, which clustered far from the other G. hirsutum varieties of group H (Figure) . This genotype is commonly named Okra leaf type because it possesses a semidominant mutation of cotton (L 2 0 ) that came from G. barbadense and alters leaf shape by increasing the length of lobes and decreasing lamina expansion (Dolan and Poethig, 1998) . Another example is cv. Massala, which had the lowest genetic distance mean of 0.75 from G. barbadense varieties. Cv. Massala probably has G. barbadense genes that could have restored cv. Massala fertility, as it was derived from fertile off-type plants that came from male sterile parental blocks in an interspecific hybrid field (Semillas Sostenibles Iberica S.L.U., personal communication). Similar G. barbadense introgressions have been found in G. hirsutum commercial materials, like the first 5 Bulgarian varieties (cv. Avangard 264 to cv. Darmi), whose pedigrees are well known and obtained by the crossing of G. hirsutum and inbred lines of G. hirsutum × G. barbadense (Stoilova, 2011; Stoilova et al., 2014) . In addition, it seems that some of the Greek varieties have some G. barbadense origin, like cv. Fantom with its columnar brush structure and high fiber length (Stoilova, 2013) , or cv. Amazona and cv. Elpida, which have very high fiber quality, typically from the G. barbadense varieties (Semillas Sostenibles Iberica S.L.U., personal communication). Other diversity studies obtained a lower genetic distance value compared to our value of 0.43. The unknown accession that showed lower DNA content was defined as diploid G. herbaceum (A 1 ). Besides its significant phenotypical differences, this unknown accession produced spinnable fibers, which is an exclusive trait of A-genome diploids (G. arboreum and G. herbaceum) (Applequist et al., 2001 ). It has also been shown to be genetically similar to G. barbadense. These facts point at diploid G. herbaceum (A 1 ), which is the closest living ancestor of the A-genome of allotetraploidic cotton (Paterson et al., 2012) . In addition, G. herbaceum has around two-thirds of the tetraploid DNA content (Hendrix and Stewart, 2005) , which is similar to what we observed in the flow cytometer analysis. Nacoulima et al. (2016) and Kulkarni et al. (2009) reinforced the importance of diploid species to cotton breeders, especially G. herbaceum and G. arboreum. More research is required to explore their genetic potential, such as being resistant to drought, pests (white flies, thrips, and aphids), and leaf curl virus; having higher cotton fiber qualities (Mergeai, 2006) ; and solving lodging problems in columnar G. barbadense varieties like cv. Armada and cv. Alepo when they support the high weight of their green bolls.
In conclusion, the polymorphic markers and phylogenetic relationships between different varieties identified by this study may guide future breeding efforts in order to produce more competitive varieties. Taking into account our results, the high genetic variability found in our cotton germplasm collection could be employed in future breeding programs. Stoilova A (2013 Table S1 . Information about sequences, original source, publication origin (www.cottongen.org/), linkage position, and chromosome location of the final 62 SSR markers, with their optimization of multiplexed PCR conditions for this diversity study. EST74%fiber G. hirsutum Qureshi et al., 2004 Yu et al., 2007 Table S1 . (Continued). Table S2 . Genetic distance matrix computed with Jaccard coefficient among the 48 cotton varieties. 
